Introduction
Impact of a hard (non-deformable) missile may have various effects on a concrete target. Usually local effects are dominant, such as penetration, cone cracking, crack formation, spalling, scabbing or perforation ( Fig. 1) . [1] Required resistance of a concrete wall depends on its protective function. Usually, perforation and secondary projectile formation have to be prevented, but for protected spaces with special functions (e.g. nuclear power plant (NPP) containments) effects on the distal side have to be excluded, too. The most important parameters that influence the effect of a hard missile impact are the velocity (V), mass (m), diameter (d), nose shape (N) of the missile, and thickness (t), tensile and compressive strength ( f t , f ), reinforcement of the target. The most important quantities that caracterize the impact are the penetration depth (x), perforation limit (e) and scabbing limit (s). Perforation and scabbing limits are the minimum needed thicknesses to prevent perforation or scabbing, respectively.
At first, possible analysis methods, tests and models are summarized. Then a chosen numerical model is introduced that is calibrated to a well-known real experiment. Moreover, a parametric study is presented and the results are compared to the results of the most important formulae for penetration and per-foration. New empirical formulae are also introduced that fit to the numerical model results.
Analysis methods
There are three main types of methods to analyse a hard impact and estimate its consequences: analytic, semi-empirical and empirical calculations. Since the beginning of the 20 th century, tests also have been carried out to examine the behaviour of real structures. At first, high velocity impact tests of small missiles (military missiles, bullets) were carried out [2] . Examination of relatively lower velocity impacts of larger missiles (tornado generated missiles, accidental aircraft turbine impact, etc.) became important when construction of large number of NPPs started. Most of the calculation methods and formulae neglect missile deformation, effect of reinforcement, elastic target deformation etc. Penetration models usually assume the target to be a halfspace and calculate penetration depth x without taking into account the thickness of the target.
Analytic and empirical methods
The first analytic models to calculate penetration aimed to determine the force that acts on the target during penetration and compared it to the resistance of the structure (F p ). Kennedy [2] and Poncelet [3] assume that the resistance is a polynomial function of the velocity of impact, while the National Defense Research Council (NDRC) formula [2] writes it as the product of two functions:
where g depends on the ratio of the actual penetration depth x' to missile diameter d and f depends on the actual missile velocity v. Haldar [4] and Hughes [5] write penetration depth x as a function of a dimensionless impact factor (I):
Analytic perforation calculations usually assume that perforation occurs because of shear cone formation. After certain penetration the thickness of the target reaches a critical value (H) and cone failure and perforation occur (Fig. 2.) .
In such a multi-phase model, relative perforation limit (e / d) can be calculated as:
where H depends on the target and missile properties. Li, Tong [6] and the UK Atomic Energy Authority (UKAEA) [7] used such multi-phase models in their calculations. Parallel to the development of analytic formulae, several tests have been carried out to help the modelling of local failure. Based on the test results, empirical formulae were invented. Limits of applicability of these formulae highly depend on the original experiment. Medium and larger scale tests were done by Rüdiger and Riech [8] , Kojima [9] and Sugano [10, 11] .
Summarizing articles
The most important summarizing articles on local failure calculations were published by Li [1] , Kennedy [2] , Teland [12] , and Murthy [13] . In these papers, the most important formulae are collected, compared and the results are analysed. The formulae used in the following chapters are mainly taken from these summarizing papers.
Numerical models
Due to the rapid development of finite element (FE) and discrete element (DE) methods, virtual experiments have become a powerful tool for impact problem calculations. The most problematic parts of these models are the material model of the concrete target and the contact problem handling. Resistance of concrete material highly depends on the impact velocity, therefore rate dependent material properties are required. Behaviour of concrete is usually modelled by a multi-stage material model that consists of a state equation (compaction model) that corresponds to the hydrostatic stress stage and a yield and failure surface in the deviatoric stress space. The yield surface (that has a hydrostatic stress dependent and independent component) models the post-elastic hardening region, while the failure (limit) surface sets the beginning of strain-softening. Compacted elements can still have a lower residual strength, modelled by the residual strength surface [14] (Fig. 3, Fig. 4) .
The model also has to follow the different behaviour of concrete under tension and compression. Crack propagation can be modelled by fixed crack propagation (crack direction is predetermined), arbitrary crack propagation (mesh-free methods, DE model) or a continuous material parameter modification (smeared crack model) [15] . Hard impact of larger missiles was simulated by various numerical techniques by Itoh [16] , Mizuno [17] , Cox [18] , Lepannen [19] , Shiu [20] , Heckötter [21] and others. 
Sugano experiment
One of the best documented multi-scale test series was executed by Sugano and his team [10, 11] . They used flat-nose, cylindrical, hard and semi-hard models of a GE J-79 military jet engine in three different scales (1 / 7.5, 1 / 2.5, 1 / 1) and concrete target plates with different size, thickness and reinforcement. In this paper we only focus on perfectly hard missiles therefore result of hard 1 / 7.5 and 1 / 2.5 scale experiments are used. Properties of hard missiles used by Sugano are summarized in Table 1 .
During the experiments penetration depth, perforation limit and level of scabbing were registered.
FE model calibration 3.1 Geometry and material model
Our model is created in Ansys Workbench Explicit Dynamics explicit FE program. Contrary to the Sugano test's flat-nose missile, the FE model consists of cylinders with spherical nose that have the same length and mass as the Sugano missiles. Spherical nose is used for convergence reasons. In order to reduce computation time, a quarter-model with symmetry is used and the size of the target is reduced to the smallest possible size to prevent effect of boundaries (Fig. 5) .
Reinforcement is not modeled at this stage, because according to test results [10, 11] , it hardly affects the perforation and penetration properties (in case of high velocity impacts and normal amount of reinforcement). Material model is CONC-35MPa explicit material model of Ansys Workbench Explicit that includes the RHT strength model [14] that describes rate-dependent elastic limit, failure and residual surfaces, and also includes state equations for pressure dependence of compression and density. The built-in values of parameters are used, only compressive and tensile strain rate exponents were changed to 0.1 accord- ing to the recommendation of Tu [22] . The material model fixes the tensile and compressive strength ratio and the shear and compressive strength ratio, therefore tensile and shear strength change if f changes. In the Sugano test, planned compressive strength of concrete was 23.5 MPa, but finally they measured higher strength values. The type of tested specimen was not described, therefore, during calibration, f turned out to be 40 MPa for 1 / 7.5 test and 45 MPa for 1 / 2.5 tests in our model. Finite element size dependency was examined and the applied size was calibrated to the real test results. Fig. 6 shows the result of the FE model of this case, the darkness of colours shows the level of damage in the target material, black colour represents the totally damaged elements. It is visible that on the proximal side the impact causes penetration and compaction, while on the distal side the reflection of shock waves causes scabbing. If the two fully damaged zones merge then perforation happens. In Fig. 6 it is visible that the two zones are close and thus the target is nearly perforated, thus practically the 180 mm target thickness case is also modelled quite adequately. For the 550 mm thick target, corrected Sugano test result is 146 mm penetration, while FE model predicts perforation. In this case, the exact perforation limits of the real specimens and the level of damage in the not perforated zone is not available from the experiments, hence the measured and the FE results cannot be compared directly.
Results of calibration
Scabbing zone sizes of the real experiment and the FE model are probably different because we neglect the reinforcement in the FE simulation. Contrary to perforation and penetration, scabbing can be affected by the reinforcement because it holds together the damaged, cracked zone at the distal side. Size effect is not significant: basic case x / d and e / d values of the 1 / 7.5 test are 0.49 and 1.7, while 0.44 and 1.9 in the 1/2.5 test.
New empirical formulae
New dimensionless empirical formulae are fitted to the results of our FE model. Figs. 23 -24 show the results of Sugano and FE tests as a function of the dimensionless impact factor of Eq. (3) in a log-log scale coordinate system, the fitted formulae for x / d and e / d are also represented.
It is visible that all FE and experimental data more or less fall on a single curve, indicating that both x / d and e / d indeed de- pend on the impact factor, which is a dimensionless combination of the parameters. This is not surprising, as this combination is the only dimensionless quantity that can be constructed from m, V, f and d, the parameters that determine the outcome of the impact. That all data points fit quite well to a straight line on the log-log diagrams shown in Figs. 23 and 24 indicates that there is a power law dependence of both x / d and e / d on I. We find that the exponent is close to 1/2 in case of x / d and 1 / 3 in case of e / d. The fitted formulae are the following: The fitted functions are represented in Figs. 7 -22 by dasheddotted lines. Table 3 shows the absolute and relative mean deviation of our formula from the FE model results. Relative deviation is 14 -16% in case of penetration values and 10 -12% in case of perforation limit values.
The simple power law we found indicates that there is a simple physical connection between the penetration or perforation and the ratio of the impact energy 1 / 2 mV 2 to the resistance of the target fd 2 . In the following we give a possible explanation of this result. Fig. 25 represents the penetration (x)-resistance (F) function as proposed by Hughes [5] . According to the Hughes model, if the penetration is small enough compared to the target thickness then penetration resistance will be similar to the resistance of an infinite half space. In this case, penetration resistance linearly increases with penetration depth until a critical penetration depth x 1 is reached:
If we assume that missile kinetic energy causes penetration then:
therefore x is proportional to the square root of the kinetic energy:
which gives the same square root dependence of x / d in the impact factor I. If x > x 1 , then the finite thickness of the target starts to affect the resistance, the resistance decreases due to the decrease of the undamaged thickness (t − x). The resistance at this decreasing phase assumed to be equal to the resistance against shear cone failure (see Fig. 2 ) that has the following form:
where τ is the shear strength of the target, that is a function of the strength f , A is the lateral surface area of the shear cone and α is the shear cone angle (Fig. 2) . If the undamaged thickness reaches the critical value H then resistance drops down to 0 and perforation occurs. If t = e, i.e. when perforation occurs no residual kinetic energy remains. We assume that perforation occurs when a given portion of the thickness is penetrated, so penetration depth x 2 is proportional to e:
If we neglect the linearly increasing first part as suggested by Hughes [5] and write down the kinetic energy consumption of penetration, then we obtain 
Conclusions
In our paper, new semi-empirical formulae for penetration and perforation caused by hard impact are introduced. It is based on calibrated FE model calculations. The calculation neglects the effect of reinforcement and missile deformation, but includes the study of a wide range of parameters. The most important parameters of hard impact into concrete structure (missile size, mass, impact velocity, concrete strength) are examined and an excellent agreement with our new formulae is found. The formulae are based on numerical tests, therefore their applicability has limits, but our formulae seem to be applicable for smaller and medium size hard missiles (with mass of 0,5 -200 kg) that impact with 50 -300 m/s velocity. The examined parameter range contains the usual parameter values of tornado and aircraft impact generated hard missiles. We also present a simple heuristic theoretical model that supports our new formulae.
